Adrenomedullin is a 52 amino acid peptide that shows a remarkable range of effects on the vasculature that include inter alia, vasodilatation, regulation of permeability, inhibition of endothelial cell apoptosis, and promotion of angiogenesis. Recently the G-protein coupled receptor (GPCR) calcitonin receptor-like receptor (CRLR), and receptor activity modifying proteins (RAMPs) have become recognized as integral components of the adrenomedullin signaling system. However, mechanisms of regulation of CRLR expression are still largely unknown. This is in part due to lack of information on the gene promoter. In this study we have determined the transcriptional start of human CRLR cDNA by 5′-RACE and cloned the proximal 5′-flanking region of the gene by PCR. The 2318 bp genomic fragment contains the basal promoter of human CRLR, including potential TATA-boxes and several GC boxes. Regulatory elements binding known transcription factors, such as Sp-1, Pit-1, glucocorticoid receptor, and hypoxia-inducible factor-1 α (HIF-1α) were also identified. When cloned into reporter gene vectors, the genomic fragment showed significant promoter activity, indicating that the 5′-flanking region isolated by PCR contains the gene promoter of human CRLR. Of significance is that the cloned promoter fragments were activated by hypoxia when transfected in primary microvascular endothelial cells. Site-directed mutagenesis of the consensus hypoxia-response element (HRE) in the 5′-flanking region abolished such a response. We also demonstrated by semi-quantitative RT-PCR that transcription of the gene is activated by hypoxia in microvascular endothelial cells. In contrast, expression of RAMPs 1, 2, and 3 was unaffected by low oxygen tension. We conclude that simultaneous transcriptional up-regulation of CRLR and its ligand adrenomedullin in endothelial cells could lead to a potent survival loop and therefore might play a significant role in vascular responses to hypoxia and ischemia.
mechanisms that induce vasodilatation in order to reduce the tissue damage found in these pathologies (2) . It is also becoming clear that either activation or disruption of adrenomedullin signaling in the microvasculature may contribute to other pathologies, including atherosclerosis, renal failure, neoplastic growth, and disorders of the reproductive tract (3) .
The effects of adrenomedullin on endothelial cells (EC) and vascular smooth muscle cells (VSMC) are thought to be mediated via the G-protein coupled receptor (GPCR) calcitonin receptor like receptor (CRLR). Further, receptor activity modifying proteins (RAMPs) have been recognized as integral components of the adrenomedullin receptor system (4) . Their expression dictates the cell-surface expression and the unique pharmacologies of CRLR (5, 6) . Adrenomedullin and its related peptide, calcitonin gene-related peptide (CGRP), bind with highest affinities to the heterodimers CRLR-RAMP2 and CRLR-RAMP1, respectively. Therefore RAMPs are now thought to induce conformational changes of CRLR to facilitate differential binding of the two peptides.
CRLR cDNA was initially isolated from lung (7) and brain (8) . The expression pattern of CRLR has been investigated in rat and human tissues (8) (9) (10) . The predominant localization of CRLR in vivo in blood vessels of various organs by in situ hybridization (9, 11) and immunocytochemistry (12, 13) suggests that the microvasculature is one of the main targets for adrenomedullin and CGRP. Despite these observations, investigation of the regulation of expression of the adrenomedullin/CGRP receptor CRLR gene has been hindered, partially due to lack of information on the gene promoter.
Here we provide new data on cell and tissue-specific expression of human GPCR CRLR and its genomic organization and analyze regulatory regions in its promoter. Our data on the transcriptional profiling of the gene and identification of the critical regulatory elements of the human CRLR gene promoter provide the basis for investigation of the gene regulation of this GPCR and therefore facilitate further the understanding of the role of adrenomedullin signaling in the vascular responses to hypoxia, ischemia, and other pathophysiological stimuli.
MATERIALS AND METHODS

Transcriptional profiling by RT-PCR
For transcriptional profiling of the human CRLR, specific primers (11) were used to perform RT-PCR reactions by using mRNA isolated from endothelial and non-endothelial cell lines and human tissues as a template. Endothelial cell lines used in the present study included human dermal microvascular endothelial cells (HDMVEC), lung microvascular endothelial cells (LMVEC), endometrial microvascular endothelial cells (EMVEC), myometrial microvascular endothelial cells (MMVEC); and human umbilical vein endothelial cells (HUVEC). Nonendothelial cell lines used in the present study included human normal endometrial stromal cells (NES's), human normal myometrial smooth muscle cells (NMCs), human monocyte-derived cell line (U 973), human breast carcinoma cell line (MDA 231), human breast carcinoma cell line (MCF-7), human melanoma-derived cell line (SK 23), ovarian adenocarcinoma-derived cell line (OVCAR-3), liver hepatocellular carcinoma cell line (HepG2), human urinary bladder-derived cell line (HT 1376), human breast carcinoma cell line (ZR-75-1), human embryonic lung cell line (HELF; fibroblastic), squamous cell lung cancer cell line (NCI M 520), peripheral blood leukocyte-derived cell line (HL 6C); and human monocyte-derived cell line (acute monocyte leukemia; THP-1).
Identification of transcriptional start of human CRLR cDNA by rapid amplification of cDNA ends (RACE)
RACE is a PCR-based technique for isolation of full-length cDNA of specific genes (14) . The gene-specific primer 5′ CCCACAAGCAAGGTGGGAAAGAGTG 3′ was designed for RACE based on the reported sequence of human CRLR cDNA (7) . RACE was performed by using the Marathon cDNA amplification kit from Clontech (Palo Alto, CA), following the manufacturer's instructions. Briefly, total RNA from microvascular endothelial cells (see below) was reversetranscribed with an oligo (dT) adaptor primer to generate the first-strand DNA. Then, secondstrand DNA was synthesized. Adaptor sequences were subsequently ligated to both ends of the prepared double-stranded cDNA. The ligated DNA was used as a template for PCR with genespecific and adaptor primer. The PCR reaction led to the amplification of a cDNA fragment covering the region to the 5′ end. The fragment was gel-purified and sequenced to obtain the 5′UTR sequence and to determine the transcriptional start of human CRLR cDNA.
Isolation and analysis of 5′-flanking region of human CRLR
GenBank Nucleotide Sequence Database (http://www.ncbi.nlm.nih.gov) was searched by BLASTN analysis of the 5′UTR sequence determined by 5′-RACE to identify the 5′flanking region of the gene by sequence overlap. The analysis resulted in the identification of a chromosome 2 sequence (GenBank genomic contig; Accession number NT_022161) and an individual BAC clone, both directly corresponding to the region of interest. The BAC clone was obtained from ResGene (Invitrogen, Buckingham, UK).
Further, 2318 bp proximal 5′-flanking region of human CRLR was isolated by PCR using the forward primer 5′-CTTCATGGACTACAGCCATG-3′ and the reverse-primer 5′-TCTGAGATTCCGCAGAAGAG-3′ designed by using the sequence of the GenBank genomic contig NT_022161 and DNA isolated from a BAC clone as a template. The Expand High Fidelity Kit with the PCR Super Mix of Taq and Pfu Polymerases (Roche, Mannheim, Germany) was used to minimize PCR errors. A PCR fragment was purified and cloned into the TOPO Cloning vector (Invitrogen) and designated TOPO-II-CRLR-2318. Further, TOPO-II-CRLR-2318 was sequenced by "genomic walking," using the designed primers.
Bioinformatics tools
We subsequently analyzed the 5′-flanking sequence of human CRLR by the database software SIGNAL SCAN (15) . We have also performed manual analysis of the sequence to determine binding sites that were not identified by the SIGNAL SCAN software.
Analysis of promoter activity of the genomic sequence of human CRLR
Construction of CRLR reporter plasmids and site-directed mutagenesis
We determined the promoter activity of the isolated 5′-flanking region of the human CRLR by using the luciferase reporter-gene vector pGL3-Basic (Promega, Southampton, UK). With the sequence information and analysis of the 2318 bp 5′-flanking region of human CRLR, we first generated PCR constructs by using the cloned sequence of TOPO-II-CRLR-2318 as a template. Forward primers used for these PCRs are indicated in Table 1 . Site-directed mutagenesis of the HRE in position -343 in the human CRLR promoter was performed by using a mutagenic (mutations underlined) primer (Table 1 ). All PCR fragments share the same reverse primer and therefore begin from the middle of the exon I, spanning fragments of various lengths of the 5′ flanking region. PCR products were phenol-chloroform-isoamylalcohol (25:24:1) purified, precipitated and re-amplified by using primers with Bgl II and Mlu I adaptors (Table 1 ). DNA fragments amplified by PCR were digested with Bgl II and Mlu I to prepare cohesive ends. Finally, the digested fragments were cloned into pGL3-Basic by standard procedures and designated pGL3-CRLR-1147, pGL3-CRLR-516, pGL3-CRLR-516mut accordingly ( Table 1 ). The identity of cloned fragments was confirmed by sequence analysis prior to transient transfection into primary human dermal microvascular endothelial cells to determine their promoter activity.
Transient expression assay
The promoter activity of the cloned sequences was determined by the expression of luciferase activity in transient transfection assay. Fugene TM (Invitrogen Ltd., Paisley, UK) was used for transfection according to the manufacturer's instructions. Briefly, primary human dermal microvascular endothelial cells were seeded at 100,000 cells/well into sixwell plates coated with Attachment Factor (TCS Cellwork, Buckingham, UK) and transfected with pGL3-Basic harboring various lengths of human CRLR or mutant constructs. As an internal control, the ph RG-TK vector (Promega, UK) was co-transfected and led to constitutive expression of Renilla luciferase. For hypoxic experiments, pGL3-Promoter-PGK HRE vector, containing three contiguous copies of the same 18bp HRE sequence derived from the 5′-flanking region of the murine phosphoglycerophosphate kinase (PGK1) gene (16) , was used to monitor the hypoxia response of the novel constructs. The pGL-3 control vector (containing the 400 bp SV40 promoter; and therefore showing strong promoter activity) was used to monitor the promoter activity of novel constructs and does not contain hypoxia-response elements. The transfection was carried for 4 h. The cells were lysed after another 16 h of incubation, and activities of firefly and Renilla luciferases were measured independently with the Dual-Luciferase Reporter assay system (Promega, UK). The activity of firefly luciferase was normalized by the activity of Renilla luciferase to indicate promoter activity of cloned sequences. All data were analyzed by computer (Prism, ver.2.0 GraphPad Software, Inc., San Diego, CA).
Cell culture
Endothelial cell lines
Human dermal and lung microvascular endothelial cells were obtained from TCS Cellworks (Buckingham, UK). Microvascular endothelial cells from endometrium and myometrium were isolated as described previously (17) . The cells were seeded onto plastic culture dishes (Falcon; ≈ 5×10 5 cells/cm 2 ) precoated with Attachment Factor (TCS Cellwork, Buckingham, UK) according to the manufacturers instructions, and supplemented with EGM-2MV Bullet Kit medium (Bio Whittaker, Wokingham, UK). Cultures were incubated at 37°C in a 5% CO 2 humidified atmosphere, and the medium was replaced every 1-2 days. Cells were passaged 1:3 at confluence by release with trypsin/EDTA (Sigma, UK).
Non-endothelial cell lines
Endometrial stromal cells (fibroblasts) and myometrial smooth muscle cells were isolated by collagenase digestion from uteri obtained at hysterectomies. Epithelial cell lines MDA 231 and MCF-7 are breast carcinoma cell lines and were obtained from American Type Culture, Collection (Manassas, VA). All non-endothelial cell lines were grown in DMEM medium supplemented with 10% FCS to confluence and passaged 1:3 at confluence.
Exposure of cells to hypoxia
Hypoxic conditions were generated in a Napco 7001 incubator (Precision Scientific, Winchester VA) with 0.1% O 2 , 5% CO 2 , and balance N 2 .
Semi-quantitative RT-PCR
After exposure to hypoxia/normoxia, the cells were rinsed immediately in ice-cold PBS. Total RNA was isolated from cells by using TRIzol Reagent (Invitrogen), according to the manufacturer's instructions. RNA pellets were dissolved in sterile distilled water, and its quality was assessed by gel visualization and spectrophotometric analysis (OD 260/280 ). RT-PCR was performed as described before (11) . In brief, cDNAs were synthesized from 1 µg of total RNA by using the Reverse-iTcDNA synthesis kit (Advanced Biotechnologies Ltd, Surrey, UK). Then semi-quantitative PCR was performed on an aliquot (1 µl) of this mixture (neat) or 1:10 and 1:100 dilutions by using Expand High Fidelity PCR system (Roche, Mannheim, Germany). Amplifications were performed routinely by using 30 cycles in the Perkin Elmer gene Amp PCR System 2400 for β-actin (control), adrenomedullin, CRLR, RAMP1, RAMP2, and RAMP3 by using specific described previously primers (11) . All primers were intron spanning, therefore enabling to differentiate mRNA-and genomic DNA-derived PCR products. No genomic DNA contamination was detected in RNA samples analyzed.
RESULTS AND DISCUSSION
Transcriptional profiling of human CRLR in human cell lines and tissues
Transcriptional profiling of CRLR in various cell lines demonstrated the predominant expression of the transcript in microvascular endothelial cell lines (Fig. 1A ) isolated from lung, endometrium, myometrium, and skin, and low expression in a few of the 16 non-endothelial cell lines analyzed. This finding supports the view of vascular endothelial cells as being one of the main targets for adrenomedullin in vivo. Tissue-specific distribution of CRLR confirmed previous findings of high level of its mRNA in lung, pancreas, heart, endometrium, and placenta and also demonstrated up-regulated levels of transcript in breast and head and neck tumor samples, as compared with matched samples of the normal tissue from the same organ in the same patient (Fig. 1B) .
Identification of the transcriptional start of the human CRLR gene
Initially, we designed a gene-specific primer corresponding to exon I of the published cDNA sequence of human CRLR (7, 8) . 5′-RACE led to the amplification of a major PCR product of ~200 bp ( Fig. 2A) . The PCR product was gel-purified, sequenced, and aligned to the known cDNA sequence. We could extend the known 5′-untranslated region by one base with the transcription start site corresponding to an adenosine nucleotide (Fig. 2B ).
Sequence and analysis of 5′-flanking region of human CRLR
We performed a GenBank Nucleotide Sequence Database search by BLASTN analysis by using the 5′UTR of human CRLR cDNA to identify the 5′flanking region of the gene by sequence overlap. The analysis resulted in confirmation of the identity of the CRLR cDNA (Accession numbers L76380, U17473) and also of the expected location in the region of interest on chromosome 2q31 (18, 19) (Fig. 3) . Recent data on the sequence of human chromosome 2 show that CRLR gene (designated CALCRL by HGP; GenBank Accession number NT_022161) is located at 2p31 and spans ~100 000 base pairs. The gene apparently contains fifteen exons (Fig.  3 ). BLASTN analysis led to the identification of an individual BAC clone that corresponds to the cDNA sequence and has 100% homology with the genomic DNA sequence. The proximal 5′-flanking region of human CRLR spanning 2318 bp was isolated by PCR from BAC clone DNA, cloned into the TOPO-II Cloning Vector, and sequenced by genomic walking by using the designed primers (Fig. 4 , bottom panel; underlined).
We subsequently analyzed the sequence of the 5′-flanking of human CRLR by using the database software SIGNAL SCAN (24; Fig. 4 , top panel). This genomic fragment was shown to contain potential TATA-boxes, located further upstream from the transcription start than expected. However, several GC-boxes and putative Sp-1 binding elements were identified in the close proximity to the transcriptional start. The Sp-1 site is an important element of many cellular and viral promoters that do not contain TATAA boxes (20) . Because relatively few promoter regions of GPCRs have been sequenced, it is not known whether the presence or absence of a TATAA box will be significant in terms of the regulation of this type of receptor. Potential binding sites for transcription factors, such as nuclear factor-1 (NF-1), Pit-1, and glucocorticoid receptor (GR) were also identified in the 5′flanking region of human CRLR gene. Few consensus sequences for C/EBP (CCAAT; 21) binding complex, which regulates more than 200 genes (22) , were found on both sense and antisense strands.
It is of interest that the promoter region of human CRLR includes some structural features that could be found in some other GPCRs, such as 18 CA repeats (CACA box). A CACA-box was identified in rat vasopressin V 1b receptor gene (23) and rat oxytocin receptor gene (24) . CA repeats, found in large number of eukaryotic genes have been shown to confer DNA flexibility (25) and to be required for efficient transcription of genes such as human fetal gammaglobin gene (26) . Furthermore, several signal transduction and activators of transcription (STATs) and GATA factors, which were reported to have a role in the regulation of other GPCR (27) , were also found in the 5′-flanking region of human CRLR.
Promoter activity of the 5′-flanking region of human CRLR
To determine whether the 5′-flanking region of CRLR isolated by PCR contains the gene promoter, we measured the promoter activity of fragments of 5′ regulatory CRLR gene region by luciferase reporter assay. We first generated constructs of this genomic fragment by PCR. Primers for these PCR reactions were designed (Table 1 ) based on the sequence of the TOPO-II-CRLR-2318 cloned fragment (Fig. 4) . Amplified DNA fragments from these PCR reactions of lengths 1147 and 516 bp were subsequently cloned into the reporter gene vector pGL3-Basic containing the cDNA of firefly luciferase and designated pGL3-CRLR-1147 and pGL-3-CRLR-516 accordingly (Fig. 5A ). pGL3-Basic vectors, either empty or containing fragments of human CRLR 5′-flanking region or SV-40 promoter (pGL-3-Control vector) or PGK promoter (pGL-3 PGK-HRE vector) were transfected into primary microvascular endothelial cells. Firefly luciferase activity in these cells was determined 16 h later. The results are shown in Fig. 5B . Insertion of the 516 bp fragment (including 157 bp of the exon I sequence and 359 bp immediately upstream of the human CRLR cDNA, i.e., spanning from position -359 to +157), led to ~24-fold increase in luciferase expression, indicating significant promoter activity of this region. With an increase in DNA length, promoter activity diminished (Fig. 5B) , with pGL-3-CRLR-1147 sequence demonstrating only ~10-fold increase. This is in accordance with findings by others (28) demonstrating the high promoter activity of first 200-400 bp of the 5′-flanking region and lower activity of constructs containing longer fragments of the 5′-flanking region of other genes. Both the pGL3-PGK-HRE and pGL3-CRLR-516 constructs showed an increased activity under conditions of low oxygen tension (hypoxia) (Fig. 5B) . However, the activity of the pGL3-PGK HRE was noticeably higher (approximately three times), probably due to the fact that three HREs are present in this construct (16) .
We compared our results demonstrating the highest promoter activity for the 516 bp genomic fragment (containing 359 bp of the 5′-flanking region) with results from theoretical analysis by using SIGNAL SCAN software (15) . The sequence of this region, although it does not have a TATA box, is characterized by a high GC content and the presence of a GC box and a putative Sp-1 binding element (Fig. 4, top panel) . Recent studies have shown that many gene promoters are indeed 'TATA-less' (29) . Whereas transcriptional regulation of these genes is enigmatic, the interaction between initiator elements, functional TATA-box analogs, and other transcriptional factors, including Sp-1, may play an important role (30, 31) . Interestingly, there are a few potential TATA boxes further upstream in the 5′-flanking region of the human CRLR gene. However, the decreased promoter activity of the genomic fragment, containing these 'TATA'-sequences (pGL-3-CRLR-1147; Fig. 5B ), indicates that their activity is low in the 5′-flanking region of the human CRLR gene or that there are additional inhibiting sequences.
Identification of hypoxia-response element in CRLR promoter
A core binding site for hypoxia-inducible factor-1 (HIF-1; 32) was found by sequence analysis of the 5′-flanking region of human CRLR in very close proximity to the transcriptional start (Fig. 4,  top panel) . The candidate HIF-1 site, 5′-GGCGTGTG-3′, was identified on the antisense strand between -343 and -347 (Fig. 4, top panel) , which contained the core sequence 5′-RCGTG-3′ recognized by HIF-1 in the promoter of VEGF, erythropoietin, aldolase, enolase, lactate dehydrogenase, and phosphoglycerophosphate kinase (32) . Comparison of the human CRLR promoter sequence with the corresponding 5′flanking sequences of rat and mouse CRLR genes revealed high level of homology (data not shown) and the presence of only one nucleotide substitution (C/G -rat; C/A -mouse) within the core sequence of this potential HRE. This might be a reason for an absence of the response of a rat CRLR to hypoxia as shown by others (37).
To determine whether this sequence mediates the hypoxia response of human CRLR gene, a 3-bp substitution within this sequence was introduced into pGL3-CRLR-516 (Fig. 6A) . Basal promoter activity of the resulting construct pGL3-CRLR-516 mut was similar to that of pGL3-CRLR-516 at 20% O 2 , but no induction under hypoxia was observed (Fig. 6B) .
Induction of CRLR, but not RAMPs, mRNA expression in hypoxic microvascular endothelial cells
Adrenomedullin expression in endothelial cells is up-regulated in hypoxia (33) . To identify whether expression of any of the components of adrenomedullin receptor system (i.e., CRLR and RAMPs) is influenced by low oxygen tension in microvascular endothelial cells, we performed semi-quantitative RT-PCR. This showed up-regulation of both adrenomedullin and CRLR transcripts in microvascular cells in response to hypoxia (Fig. 7) . However, the level of RAMP 2 mRNA remained virtually unchanged. Trace expression of RAMP3 mRNA and no RAMP1 mRNAs was detected in microvascular endothelial cells even when a large number of PCR cycles was performed.
These results confirm the predictions by 5′-flanking region analysis likelihood of up-regulation of human CRLR by hypoxia. This also indicates that only ligand and its receptor, not receptor activity modifying protein transcripts, are influenced by hypoxia.
CONCLUSIONS
The genetic, regulatory, and tissue-specific characterization of G-protein coupled receptors is essential since it contributes to the identification of the mechanisms that may influence basic physiological processes and cell function (34) . The seven transmembrane GPCR CRLR transfers extra cellular signals delivered by the peptides adrenomedullin and CGRP (4) to intracellular signals by coupling to heterotrimeric GTP binding proteins (G-proteins). Adrenomedullin signaling is of particular significance in endothelial cell biology since the peptide protects cells from apoptosis, promotes angiogenesis, and affects vascular tone and permeability (3, 35) . Therefore the identification of mechanisms of transcriptional regulation of the G-protein coupled receptor CRLR, as well as other integral parts of the adrenomedullin/CGRP signaling system, in microvascular endothelial cells would contribute to the fundamental understanding of how these cells function in many pathologies, including cardiovascular disease, pulmonary hypertension, atherosclerosis, inflammatory disease, disorders of the reproductive tract, and neoplastic growth.
In the present study we have shown by transcriptional profiling that CRLR mRNA is predominantly expressed in endothelial cells. Our data are in accordance with previous findings on CRLR mRNA localization in blood vessels (9, 11) , further supporting the view of endothelial cells to be one of the main targets for the peptide in vivo (3) . Recent immunohistochemical studies also demonstrate the predominant localization of CRLR-immunoreactivity in blood vessels in human tissues (12, 13) . In the present study CRLR mRNA was found in primary microvascular endothelial cells obtained from lung, skin, endometrium, and myometrium, indicating that the mechanisms investigated here could be of relevance to individual microvascular beds of various tissues. This finding also supports the view that CRLR is potentially a major mediator of effects of adrenomedullin on the vasculature (3, 12, 36) . Whether other proposed adrenomedullin receptors (i.e., human homologues of RDC-1 and L1 receptors) (37, 38) are responsible for mediating vascular responses to the peptide is to be elucidated.
In this study we have determined the transcriptional start of human CRLR cDNA. Furthermore, we have isolated and analyzed for the first time the promoter region for the human CRLR gene and identified its regulatory elements. Analysis using reporter-gene assay has demonstrated the promoter activity of isolated genomic fragments. Of significance is the demonstration for the first time that the human CRLR promoter region has a functional HRE that can be activated by hypoxia in microvascular endothelial cells. The HRE in the human CRLR promoter is located in close proximity to the transcriptional start (-343 bp). However, distance from the transcription initiation site is unlikely to determine whether the HIF-1 site is functional (32) . The induction/repression of the CRLR promoter activity in hypoxic conditions could also be regulated by trans-acting factors (full-length and dominant-negative forms of HIF-1α; 32). Comparison of the EPO, VEGF, and ALDA HREs (39) reveals the presence of a sequence located 4 to 6 nucleotide 3′ of the HIF-1 site with similarity to the EPO sequence 5′-CACAG-3′ which, when mutated, results in loss of HRE function (40) . In the human CRLR promoter, a similar sequence 5′-CACAC-3′/5′ACACA-3′ is present on the sense strand in the same proximity. Whether this binding site contributes to human CRLR HRE activity is to be further elucidated.
Recently, others have reported the presence of HREs in the promoter region of another human GPCR (38) that was described as a homologue of the rat 7TM receptor (L1 orphan receptor; 41). This has been controversially proposed to be another adrenomedullin receptor (42) . However, even though the mRNA for this GPCR is elevated after exposure of pulmonary epithelial cells to hypoxia, it is still not clear whether the 7TM receptor described by Hanze et al. (38) mediates adrenomedullin-induced signals. The expression of another proposed putative receptor for adrenomedullin -RDC1 -is shown to be up-regulated by hypoxia in rat astrocytes, whereas CRLR and RAMP expression remain unaffected in these cells (37) . Moreover, in view of the International Union of Pharmacology CGRP/Adrenomedullin nomenclature committee, L1 and RDC1 should no longer be considered as adrenomedullin receptors (43) . Therefore, our study is the first to demonstrate the induction of the CRLR promoter activity and mRNA expression under hypoxic conditions in human microvascular endothelial cells.
Because previous studies have showed induction of adrenomedullin gene expression via cisacting DNA sequences containing putative HIF-1 binding sites (44) , resulting in its up-regulation by hypoxia (33, 45) , we investigated whether CRLR and RAMPs mRNA expression was also affected by low oxygen tension. In the present study, we show for the first time that both adrenomedullin and CRLR are up-regulated by hypoxia in microvascular endothelial cells. This observation indicates that the response of microvascular endothelial cells to elevated levels of exogenous adrenomedullin and CGRP in hypoxic conditions (46, 47) could be enhanced further by increased expression of CRLR. In favor of this hypothesis, it is of interest to note that autocrine/paracrine effectors and their receptors are often regulated in coordinated fashion. For instance, hypoxia up-regulates expressions of the components of VEGF signaling system (VEGF and its receptor flt1; 48). The simultaneous transcriptional up-regulation of CRLR and its ligand adrenomedullin in endothelial cells might play a significant role in vascular responses to hypoxia and ischemia by creating a potent survival loop. In cardiovascular disease, septic shock, and hypertension, where adrenomedullin expression is increased, any factors that alter CRLR expression would directly affect the compensatory mechanisms that induce vasodilatation and decrease permeability in order to reduce the tissue damage found in these pathologies (2) .
Hypoxic induction of CRLR mRNA could be a reason for its elevated levels found in tumor samples in the present study. Tumors become hypoxic because the new blood vessels they develop are aberrant and have poor blood flow (49) . Both cancer cells and microvascular endothelial cells in tumors are exposed to chronic or intermittent low oxygen tension (50) . In tumors cells, up-regulation of adrenomedullin expression (51) is thought to be involved in cancer cell survival. We speculate that up-regulation of CRLR mRNA expression may also contribute to this process as well as affecting vascular development and function within the tumor. However, whether the transcript is up-regulated in cancer cells or in the tumor vasculature is to be further elucidated. The regulation of CRLR expression by hypoxia in other organs can also contribute to mediation of the effects of adrenomedullin both in normal and pathophysiological conditions.
In the present study, expression of RAMPs was not activated by hypoxia in microvascular cells. The presence of basal levels of RAMP2 mRNA indicates that all components of the adrenomedullin signaling system are present in microvascular endothelial cells in both normoxic and hypoxic conditions. It is possible that RAMP proteins are available in excess in the endothelial cells to facilitate the transport of the increased amount of the CRLR to plasma membrane in hypoxic conditions. Moreover, the low levels of basal R1 and R3 expression found in microvascular endothelial cells do not allow us to comment whether hypoxia significantly activates the transcription of these genes in other cells. The low abundance of RAMPs transcripts in endothelial cells in culture in our study further supports the view that other factors play a more significant role in their expression, or alternatively this could be due to loss of their expression in culture (52) .
The factors that regulate RAMP expression (52, 53) will affect the formation of CRLR/RAMP heterodimers and therefore the transport of the CRLR to the plasma membrane. In pathological conditions, these factors by acting in combination with hypoxia (54), could further contribute to the control (increase or decrease) of the expression of functional receptors, resulting in modulation of growth/apoptosis of vascular cells and magnitude of the effects of adrenomedullin and CGRP on blood vessel permeability and vasodilatation.
In this sense, of particular interest, is the presence of the numerous glucocorticoid receptor binding sites in the CRLR promoter. This is in agreement with the previous finding that levels of CRLR mRNA are elevated after exposure to dexamethasone (52) . Therefore, elevated levels of CRLR mRNA in glucocorticoid-exposed endothelial cells might potentially contribute to the responses of the vasculature to glucocorticoid therapy (55) . Whether excess or prolonged treatment with glucocorticoids contributes to hypertension (56) via regulation of CRLR gene transcription and therefore modulation of vasodilator effects of adrenomedullin is to be further investigated (37) .
Furthermore, regulation of human CRLR expression might depend not only on the 5′-flanking region of its mRNA, a region that has often been experimentally demonstrated to contain sequence elements crucial for many aspects of gene regulation and expression, but also on other regulatory elements that are embedded in the and 5′-UTR sequence and non-coding part of its genomic sequence (29) . With CRLR gene spanning more than 100 kb of the genome, further analysis of these non-coding sequences might be required to better understand the transcriptional regulation of the human CRLR.
In summary, the present study reveals the genomic organization, regulatory components, and organ and cell specific expression pattern of a 7TM GPCR human CRLR. Our findings indicate that simultaneous up-regulation of expression of adrenomedullin and CRLR transcripts may play a significant role in vascular responses to hypoxia and ischemia, and in tumor biology. Furthermore, the mechanisms of transcriptional regulation of the G-protein coupled receptor CRLR, as an integral part of the adrenomedullin signaling system, in microvascular endothelial cells might contribute to many pathologies, including pulmonary hypertension, atherosclerosis, inflammatory disease, disorders of the reproductive tract, and cardiovascular disease.
Table 1
Primers for the amplification of constructs of the 5′-flanking region of human CRLR. In tissues a high expression of CRLR transcripts was found in lung, pancreas, heart, endometrium, and placenta. In tumor samples from breast and head and neck cancers, the CRLR level was higher than in matched normal tissue samples from the same organ in the same patient (B). High levels were also detected in colon and lung tumors. Beta-actin control PCR demonstrates even loading of the template mRNA obtained from various cell lines and tissues. GenBank Nucleotide Sequence Database (http://www.ncbi.nlm.nih.gov) was searched by BLASTN analysis of the 5′UTR sequence determined by 5′-RACE to identify the 5′flanking region of the gene by sequence overlap. The analysis resulted in the identification of a chromosome 2 sequence and an individual BAC clone, both directly corresponding to the region of interest. Recent data on the sequence of human chromosome 2 identifies the gene of CRLR (designated CALCRL by HGP; GenBank Accession number NT_022161) that is located at 2p31 and spans ~100,000 base pairs. The gene apparently contains 15 exons (numbered I-XV). Two cDNA clones of human CRLR (accession numbers L76380 and U17473) were also identified by 100% sequence overlap with 5′-RACE sequence. coding sequences. All sequences contain 152 bp of the exon I sequence; arrow, 5′-most transcription initiation site. B) pGL3-CRLR reporters were transfected into primary human dermal microvascular endothelial cells with ph PG-TK, incubated at 20% O 2 for 4 h, and then triplicate plates were incubated at 20 or 0.1% O 2 for 16 h. The pGL3/ph PG-TK ratio was determined for each plate and normalized to the results for pGL3-CRLR-516 in cells at 20% O 2 (Relative promoter activity) (mean± SEM; P<0.0001; one-way ANOVA) pGL3-basic vector was used as a control. pGL3-control vector (containing the promoter for SV40) were used to monitor the promoter activity and does not contain hypoxia-response elements (HRE). PGL3-PGK-HRE vector (containing three HRE repeat elements of the phosphoglycerophosphate kinase promoter) was used to monitor the induction of novel CRLR-HRE constructs by hypoxia. Circles indicate the number and an approximate position of HREs in promoter constructs studied. Declining arrows indicate serial dilutions of RTgenerated cDNA for each case in order "neat/1:10/1:100" from left to the right. Beta-actin was used as a loading control, representing also the gene, whose regulation is known to be unaffected by hypoxia. Negative controls (-veC) with no RNA template or no RT-enzyme show an absence of signal. Positive controls (+veC) were included in those cases were analyzed transcripts failed to show any PCR-amplified products.
